Background: Hyaluronan synthases (HASs) require transport to plasma membrane for the activation of hyaluronan (HA) synthesis. Results: Rab10 overexpression inhibited, whereas Rab10 silencing increased, cell surface HA coat and HAS3-dependent hyaluronan synthesis. Conclusion: Rab10 reduces the steady-state abundance of HAS3 in the plasma membrane by enhancing HAS3 endocytosis. Significance: HA synthesis is controlled by HAS3 endocytosis mediated by Rab10.
Hyaluronan synthases (HAS1-3) are unique in that they are active only when located in the plasma membrane, where they extrude the growing hyaluronan (HA) directly into cell surface and extracellular space. Therefore, traffic of HAS to/from the plasma membrane is crucial for the synthesis of HA. In this study, we have identified Rab10 GTPase as the first protein known to be involved in the control of this traffic. Rab10 colocalized with HAS3 in intracellular vesicular structures and was co-immunoprecipitated with HAS3 from isolated endosomal vesicles. Rab10 silencing increased the plasma membrane residence of HAS3, resulting in a significant increase of HA secretion and an enlarged cell surface HA coat, whereas Rab10 overexpression suppressed HA synthesis. Rab10 silencing blocked the retrograde traffic of HAS3 from the plasma membrane to early endosomes. The cell surface HA coat impaired cell adhesion to type I collagen, as indicated by recovery of adhesion following hyaluronidase treatment. The data indicate a novel function for Rab10 in reducing cell surface HAS3, suppressing HA synthesis, and facilitating cell adhesion to type I collagen. These are processes important in tissue injury, inflammation, and malignant growth.
Hyaluronan (HA)
4 is a ubiquitous non-sulfated extracellular glycosaminoglycan consisting of repeating disaccharide units of -(␤1-4-glucuronic acid-␤1-3-N-acetyl glucosamine)-. It is produced by many animal cell types (1) and is involved in a number of cell signaling systems (2) , contributing to processes like cell migration, differentiation, and proliferation (3) . HA plays crucial roles in inflammation and several of its pathological manifestations like cancer, diabetes, and arterial diseases through its interaction and signaling with various cell surface receptors (i.e. CD44, RHAMM, TLR2/4, etc.) (2, 4) .
HA, unlike all other vertebrate sugar polymers, is synthesized directly into the extracellular space by a family of transmembrane glycosyltransferases called hyaluronan synthases (HAS1-3) (5). When overexpressed, HAS3 induces the formation of microvillus-like plasma membrane protrusions in several cell types (6) , and the synthesis of HA takes place on these HAS3-induced protrusions. When HAS3 is unable to reach the plasma membrane, the synthesis of HA is impaired (7) . Although a fair amount of information is available on HAS gene expression (8) , data on the post-translational modifications of HASs (i.e. phosphorylation (9) , ubiquitination (10) , and O-GlcNAcylation (11) ) have emerged only recently, and nothing is known about the machinery controlling their traffic to plasma membrane (8) . The intracellular traffic of HASs is another facet of post-translational processes, which can significantly affect the enzymatic activity of HASs and thereby control HA synthesis.
To explore the mechanisms involved in the trafficking of HAS, we subjected cytoplasmic vesicles immunoprecipitated with a GFP-HAS3 antibody to mass spectrometric screening for associated proteins. Several proteins belonging to the vesicular trafficking machinery were identified, including Rab10, a member of the Rab family, comprising more than 60 proteins. They are master regulators of several aspects of intracellular traffic like transporting cargos from the trans-Golgi network to the plasma membrane (12, 13) . Because Rab10 GTPase was one of the most prominent proteins found in our screen for HAS3-associated proteins, we focused on it in this work. It turned out that Rab10 was indeed functionally important in the traffic of HAS3 but, unexpectedly, promoted depletion of HAS3 from plasma membrane. This enhancement of reverse traffic or endocytosis of a specific cargo is a completely novel function for Rab10. We show that Rab10 is a suppressor of HA synthesis and suggest that trafficking of HAS to/from plasma membrane forms a more important regulatory step in HA synthesis than previously anticipated.
EXPERIMENTAL PROCEDURES
Cell Culture-Canine kidney epithelial cell line (MDCK) stably overexpressing EGFP-HAS3 (14) was cultured in Dulbecco's minimal essential medium (Euroclone, Pero (Milan), Italy) with 10% fetal bovine serum (Hyclone, Logan, UT), 4 mM glutamine (Sigma), 50 g/ml streptomycin sulfate, and 50 units/ml penicillin (Sigma). MCF7, a breast adenocarcinoma cell line, was cultured in minimal essential medium ␣ (Euroclone) with 5% fetal bovine serum (Hyclone), 4 mM glutamine (Sigma), 50 g/ml streptomycin sulfate, and 50 units/ml penicillin (Sigma).
MCF7 Cells Stably Expressing EGFP-HAS3-
The generation of MCF7 cells stably overexpressing doxycycline-inducible EGFP-HAS3 was described before (15) . Cells with optimal EGFP-HAS3 expression following 1 g/ml doxycycline induction were sorted by a flow cytometer and maintained in growth media with 50 g/ml hygromycin. The reproducibility and consistency of the EGFP-HAS3 expression in response to doxycycline (Sigma) were determined with HA assays.
Plasmids and Antibodies-Construction of EGFP-HAS3 (14) and Dendra2-HAS3 (16) plasmids, expressing human HAS3, has been described previously. HAS3-Myc, expressing human HAS3 (gift from Dr. Sakari Kellokumpu, University of Oulu, Finland), EGFP-Rab10 (gift from Dr. Kenneth W. Dunn, Indiana University), and Rpre-mRFP (Addgene plasmid 17275, deposited by Dr. Sergio Grinstein (17)) were used. mRFP-HAS3 and 6Myc-HAS3 were made by subcloning HAS3 cDNA in mRFP-C1 and 6Myc-pcDNA3 vectors, respectively. For FRET analysis, mCherry fluorescent tag was added to HAS3 in the N and C terminus as follows. mCherry-HAS3 was made by replacing EGFP in the EGFP-HAS3 construct (14) , using NheI and XhoI restriction sites. HAS3-mCherry was made by inserting HAS3 into the vector pcDNA-Cerulean, described before (18) , and then replacing mCerulean by mCherry using XhoI and NotI restriction sites.
Rabbit polyclonal anti-calnexin (Cell Signaling, Danvers, MA), rabbit polyclonal anti-pan-cadherin (Abcam, Cambridge, UK), rabbit polyclonal anti-Golgin 97 (Abcam), rabbit polyclonal anti-clathrin heavy chain (Cell signaling), mouse monoclonal 9E10 anti-c-Myc antibody (Santa Cruz Biotechnology, Inc.), rabbit polyclonal anti-GFP (Invitrogen), rabbit monoclonal anti-Rab5 and anti-Rab7 (Cell Signaling), rabbit polyclonal anti-EEA1 (Cell Signaling), goat polyclonal anti-rabbit and anti-mouse Dylight 680 (Thermo Scientific), and Texas Redlabeled anti-mouse and anti-rabbit antibodies (Vector Laboratories) were also used.
Subcellular Fractionation-MCF7 cells were grown in 10-cm dishes and co-transfected with HAS3-Myc and EGFP-Rab10 using ExGen 500 transfection reagent (Fermentas, Thermo Scientific) according to the manufacturer's instructions. All of the steps during cell lysis and fractionation were done at 4°C, unless stated otherwise. Nearly confluent cells were washed twice and scraped off in phosphate-buffered saline (PBS). The cells were pelleted down at 200 ϫ g and resuspended in cold lysis buffer with no detergent (25 mM Tris, 150 mM NaCl, and 1 mM CaCl 2 , pH 7.8, with complete protease inhibitor mixture (Sigma)) and sonicated (Heilscher Ultrasonics, D-70184, Stuttgart, Germany). The resulting cell lysate was centrifuged at 200 ϫ g for 5 min, 1000 ϫ g for 10 min, and 6400 ϫ g for 15 min to remove intact cells, nuclei, and mitochondria, respectively. Part of the postnuclear supernatant (PNS) was mixed with 62% sucrose solution to make 40.6% PNS sucrose mix. In the ultracentrifuge tube, a gradient of 50% sucrose, 40.6% PNS mix, 35% sucrose, and 25% sucrose solutions and lysis buffer was prepared and then centrifuged in a Sorvall ultracentrifuge with a TH641 rotor at 154,000 ϫ g for 18 h. 22 fractions were collected, beginning from the topmost layer of the gradient (labeled 1-22 in Fig. 1 ). The fractions were tested for specific organelle markers (calnexin (endoplasmic reticulum), Rab5 and Rab7 (endosomes), pan-cadherin (plasma membrane), and Golgin 97 (Golgi)) in Western blots.
Co-immunoprecipitation-Fractions corresponding to endosomes, plasma membrane, and Golgi were pooled together, and 100 -500 g of protein samples, estimated by BCA assay (Pierce, Thermo Scientific), were taken from each pool for co-immunoprecipitation. The fractions were precleared overnight with normal mouse IgG conjugated with protein A/G magnetic beads (Ademtech, 33600 Pessac, France). The precleared samples were incubated overnight with c-Myc antibody and immunoprecipitated with protein A/G magnetic beads. The beads were washed three times with cold lysis buffer, and proteins were eluted with 0.2 M glycine-HCl, pH 2.5, and diluted with 0.5 M Tris-HCl, 1.5 M NaCl, pH 7.4. The eluted samples were heated with 4ϫ SDS sample buffer at 65°C for 15 min and stored at Ϫ20°C. The samples were subjected to immunoblotting with c-Myc and anti-GFP antibodies.
Mass Spectrometry-MDCK cells with stable, high expression of EGFP-HAS3 was chosen for mass spectrometry to ensure a sufficiently high signal (14) . About 500 g of PNS from MDCK-EGFP-HAS3 cells was immunoprecipitated with anti-GFP antibody, as described above. The result of immunoprecipitation was confirmed by Western blot with anti-GFP antibody, and the rest of the sample was subjected to SDS-PAGE. Trypsin digests were prepared using sequencing grade trypsin (Sigma) and extracted, and the mass spectra were analyzed using an LC-electrospray ionization-MS/MS system, as described previously (19) . For MS/MS ion search (20) , automated spectral processing, peak list generation, and database search from raw data were performed on a separate work station using Analyst QS version 1.1 and the MASCOT search version 1.6b13 script for Analyst QS (Applied Biosystems). The MASCOT search algorithm was used via Mascot-script online (21) , and a SwissProt database search (version 2010_12) was utilized. Other parameters set for the MS/MS ion search were the same as discussed previously (19) . Protein hits were selected based on the p value (p Ͻ 0.05) for extensive homology, calculated by the MASCOT algorithm. The identified protein hits were screened according to the Mascot score of the matched peptides, and the sequence coverage of the proteins was calculated.
Western Blotting-Protein fractions from sucrose gradient centrifugation or co-immunoprecipitation were subjected to 10% SDS-PAGE, and the proteins were transferred to nitrocellulose membranes (Protran, Whatman), blocked with 3 or 5% bovine serum albumin (BSA) in 1ϫ TBST (Tris-buffered saline containing 0.1% Tween 20) for 1 h at room temperature, followed by overnight incubation with the primary antibodies, anti-GFP (1:1000), anti-calnexin (1:1000), anti-pan-cadherin (1:500), anti-Golgin 97 (1:1000) and anti-c-Myc antibody (1:500) diluted in 1% BSA-TBST, anti-Rab5 (1:1000) diluted in TBST, and anti-Rab7 (1:1000) diluted in 5% BSA-TBST. After three washes with TBST, the membranes were incubated for 1 h at room temperature with the infrared secondary antibodies, anti-rabbit or anti-mouse Dylight 680 (1:5000) and anti-goat Alexa Fluor 680 (1:5000), diluted in 1% BSA-TBST, and washed three times with TBST. The protein bands in the blots were visualized on a LI-COR Odyssey Infrared imaging system (LI-COR Biosciences, Lincoln, NE).
siRNA Silencing of Rab10-The Rab10 and scrambled siRNAs were obtained from Eurogentec (Seraing, Belgium), with the sequences given in Table 1 . About 250,000 MCF7 cells were seeded on 6-well plates and grown until 50% confluence, treated with 30 nM siRNA using Lipofectamine RNAiMax reagent (Invitrogen), according to the manufacturer's instructions. 48 h later, the cells were lysed; total RNA was isolated using Tri Reagent (Molecular Research Center Inc., Cincinnati, OH); and the cDNAs were synthesized using the Verso cDNA kit (Thermo Scientific). The quantitative real-time PCR was performed with Fast Start Universal SYBR Green mix (Roche Applied Science) using the Stratagene Mx3000P real-time PCR system (Agilent Technologies). Relative mRNA expression levels were compared by using the 2 Ϫ⌬⌬C(T) method, with GAPDH as a control. The primer sequences used for real-time PCR are given in Table 1 .
The protein expression of Rab10 after siRNA silencing was quantified by transient transfection of 0.75 g/well of EGFPRab10. The cells were harvested and lysed, and PNS was obtained as described above. The amount of protein in all of the lysate samples was quantified by a BCA assay. 100 l of cell lysate/well was added in a 96-well plate, and the GFP fluorescence was measured in a microplate reader equipped with a 355-nm UV lamp and 485/535-nm (excitation/emission) filters. The samples were also subjected to Western blotting with anti-GFP antibody.
Hyaluronan Secretion-2 ϫ 10 5 MCF7-EGFP-HAS3 cells were plated on 6-well plates, as duplicates, and treated with siRNAs, as described above. 24 h after siRNA transfection, the growth medium was replaced with one containing 0.25 g/ml doxycycline to induce the expression of EGFP-HAS3. After 24 h, the media from the treated groups were collected and stored at Ϫ20°C for later assays of HA, and the cell numbers were counted to express the HA content as ng/10,000 cells. The amount of HA secreted into growth medium was determined by an enzyme-linked sorbent assay, as described before (22) .
Confocal Microscopy and Live Cell Imaging-The fluorescent images were obtained with ϫ40 numerical aperture 1.3 and ϫ63 numerical aperture 1.4 oil objectives (512 ϫ 512-pixel resolution) on a Zeiss Axio Observer inverted microscope equipped with a Zeiss LSM 700 confocal module (Carl Zeiss Microimaging). For live cell imaging, a Zeiss XL-LSM S1 incubator with temperature and CO 2 control was used. DRAQ5 nuclear staining (2 M, Biostatus Ltd., Leicestershire, UK) was used to evaluate the transfection efficiency and to count the total number of cells in a field.
Immunofluorescence-The MCF7 cells were co-transfected with 6Myc-HAS3 and EGFP-Rab10 or EGFP (mock transfection) using ExGen 500 (Invitrogen) according to the manufacturer's instructions. The same method was followed for mRFP-HAS3. 24 h after transfection, the cells were fixed with 4% paraformaldehyde (PFA) in 0.1 M sodium phosphate buffer (PB), pH 7.4, for 1 h and washed five times with PB. The fixed cells were permeabilized for 10 min with 0.1% Triton X-100 in 1% BSA, blocked with 1% BSA for 20 min, and incubated overnight with anti-c-Myc primary antibody (1:100) in 1% BSA at 4°C. After washing, the cells were incubated with Texas Redlabeled secondary anti-mouse antibody (1:500 in PB) for 1 h and washed with PB. The cells were then incubated with DRAQ5 for 5 min, washed with PB, and stored at 4°C.
Clathrin Heavy Chain Staining-MCF7 cells were transfected with EGFP-HAS3 or EGFP (mock) and fixed with 4% PFA, and the cells were stained with anti-clathrin heavy chain antibody (1:100 in 1% BSA-PB) and Texas Red-labeled antirabbit antibody (1:500 in PB). The stained cells were then imaged with a ϫ40 oil objective for colocalization analysis.
Colocalization Analysis-For colocalization analysis, images were taken with a ϫ63 or ϫ40 oil objective, and the analysis was done with BioImageXD software (23), unless otherwise specified. The autothreshold function was used to process and analyze the colocalized pixels. Pearson's correlation coefficient (Rr) was used to measure the degree of colocalization, with 10 -15 images/group. The colocalized images are shown as 8-bit or 1-bit representations.
FRET Assay by Acceptor Photobleaching-MCF7 cells were transfected with a combination of plasmids as follows: EGFPRab10 and HAS3 with the N-terminal mCherry, EGFP-Rab10 and the HAS3 with the C-terminal mCherry, and EGFP (mock) and mCherry-HAS3. 24 h later, the cells were fixed with 4% PFA and mounted with an antifade reagent, Mowiol 4-88 (Sigma). To measure FRET efficiency, regions Of interest (ROIs) were randomly positioned inside the cells and also outside the cells for background subtraction. mCherry was photobleached using a 555-nm laser at 100% strength, with 25 iterations, and then second pictures of both fluorophores were taken. Images were analyzed using Fiji (24) . FRET efficiency (E) was calculated for each pixel in the bleached area using the equation, E% ϭ (I Donor postbleach Ϫ I Donor prebleach )/I Donor postbleach ϫ 100, where I Donor represents the intensity of EGFP fluorescence. For each ROI, FRET efficiency was calculated from the average fluorescence intensities of the donor before and after bleaching the acceptor and corrected with the change in EGFP fluorescence intensity outside the bleached area. Means and S.E. of the efficiencies were calculated for each combination of the fluorophores.
Image Processing-Microscopic images were processed with ZEN 2009 software (Carl Zeiss Microimaging GmbH). In some experiments, cell numbers were counted using the ImageJ program (Fiji, available on the World Wide Web). For image presentation, Adobe Photoshop Elements version 9 software (Adobe Systems) was used. Images were brightness/contrastadjusted, and in some cases non-linear adjustment was used uniformly across the control and treated groups to better show the cellular features of interest.
Hyaluronan Coat Analysis-For visualization of HA surface coat on live cells, HA-binding complex (HABC) conjugated to Alexa Fluor 568 or AlexaFluor 647 was used as described previously (25) . The cells were imaged with a ϫ40 oil objective from 15 random fields. For quantitative analysis, the cells were also imaged with a ϫ20 objective from 15 random fields in each group with 1500 -2200 cells, using z-stacks of 1.93-m thickness. The mean intensity of HA coat (Alexa Fluor 568, red) from the images was quantified from the compressed z-stacks of 320 ϫ 320-m area, divided by the total number of positive cells, visualized by DRAQ5 nuclear staining.
Analysis of Plasma Membrane Residence of HAS3-siRNAtreated MCF7 cells were transiently transfected with EGFP-HAS3 and Rpre-mRFP in a 3:1 ratio. 24 h later, the cells were fixed with 4% PFA. Individual cells from each treatment were imaged with the same acquisition settings, using a ϫ40 oil objective. The images were processed and analyzed with the ZEN 2009 software. ROIs were drawn around plasma membrane, marked with Rpre-mRFP, and the whole cell, and the integrated intensity in each of the ROIs was calculated. The plasma membrane residence index of EGFP-HAS3 was calculated as the ratio of integrated intensity in plasma membrane to the whole cell and expressed as a percentage.
Analysis of HAS3 Retrograde Traffic-siRNA-treated MCF7 cells were transfected with Dendra2-HAS3. 24 h later, HA coat was stained with 2 g/ml Alexa Fluor 647-labeled HABC (fHABC) for 0.5 h at 37°C. The ROI was marked around the cell surface with HA coat as a reference, and Dendra2-HAS3 was photoconverted with 15% of the 405-nm laser power, 10 iterations, for 1 s. The time point after photoconversion was set as "0", and time lapse images were taken for 16 min with 2-min intervals. The retrograde traffic of Dendra2-HAS3 away from the cell surface was analyzed with fHABC as the reference signal, and the results were expressed as -fold changes of Dendra2-HAS3/fHABC ratio from time point 0.
HAS3 Endocytosis-siRNA-treated MCF7 cells were transfected with EGFP-HAS3 or mRFP-HAS3 and, 24 h later, treated with markers for clathrin-dependent and fluid phase endocytosis. For clathrin-dependent endocytosis, the cells were incubated with transferrin conjugated to fluorescein (Invitrogen), and the transferrin uptake assay was done as described previously (26, 27) . The cells were fixed with 4% PFA, washed with PB, and stored at 4°C before microscopy. For fluid phase endocytosis, the cells were incubated with growth medium containing 0.5 mM Alexa Fluor-hydrazide 594 (Invitrogen) for 2 h at 37°C. The cells were then washed with PB; fixed with 4% PFA, 2% glutaraldehyde; washed with PB; and stored at 4°C. Images were taken as z-stack sections at 0.39-m intervals with a ϫ63 oil objective. Colocalization between HAS3 and the endocytosis markers was analyzed.
HAS3 Colocalization with EEA1-siRNA-treated MCF7 cells were transfected with EGFP-HAS3. 24 h later, the cells were fixed with 4% PFA, incubated with EEA1 antibody (1:100, 1% BSA-PB), and stained with Texas Red-labeled anti-rabbit antibody (1:500 in PB), as described before. At least 15 images were taken from each group with a ϫ63 oil objective. Three ROIs were drawn randomly outside of the nucleus and perinuclear Golgi region in the images, and the average colocalization, with the threshold set to 50 arbitrary units, was calculated from the ROIs using ZEN 2009 software.
Cell Proliferation Assay-130,000 cells/well of MCF7-EGFP-HAS3 or MCF7 cells were seeded in 12-well plates as duplicates, after siRNA transfection, as described above. 24 h later, new medium with or without 0.25 g/ml doxycycline was changed to MCF7-EGFP-HAS3 and MCF7 cells, respectively. The cell numbers were counted after 24, 48, and 72 h, and the result was expressed as cells/0.5 ml.
Cell Adhesion Assay with 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide Colorimetric Method-MCF7-
EGFP-HAS3 or parental MCF7 cells were transfected with Rab10 siRNA and control siRNA, and the former was induced with 0.25 g/ml doxycycline for the expression of EGFP-HAS3. The cells were also treated with hyaluronidase (5 turbidity reducing units/ml in PBS) (Seikagaku Biobusiness, Chiyoda-ku, Tokyo, Japan) or PBS alone, in growth media, for 6 h before starting the adhesion experiment. A 96-well plate was precoated overnight with 0.25 mg/ml collagen type I (BD Biosciences) and 1% BSA-PBS (negative control) and blocked with 0.1% BSA-PBS for 1 h at 37°C prior to the experiment. The cells were trypsinized, neutralized with trypsin-neutralizing solution (ScienCell, Carlsbad, CA), and centrifuged at 1000 ϫ g for 5 min. The cell pellet was resuspended in DMEM (no phenol red; Euroclone) with 0.1 mg/ml cycloheximide (Sigma) and counted. 20,000 cells (adjusted to 100 l/well) were added in six independent wells for each group. In some experiments, external high molecular mass HA (Healon, Abbott) at 50, 200, and 500 g/ml concentrations was included. The cells were incubated at 37°C for 30 min in DMEM without phenol red and then gently washed away with PBS. 100 l/well DMEM (no phenol red) diluted 1:10 with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Sigma; 5 mg/ml in PBS) was added to the cells, incubated at 37°C for 2 h, and carefully removed. The reaction was stopped with 100 l/well DMSO with gentle shaking for 5 min, and the absorbance was measured at 540 and 620 nm (for background subtraction).
Statistical Analysis-All statistical tests were done in GraphPad Prism version 5.0. One-way ANOVA with Tukey's post hoc test and paired Student's t test was used. Observations with a p value of Ͻ0.05 were considered to be statistically significant.
RESULTS

Association of HAS3 with Rab10 in Transport
Vesicles-Because nothing was known about the vehicles transporting the HAS proteins between the Golgi complex and plasma membrane, we started by isolating the endosomal vesicles of cells expressing EGFP-HAS3 or HAS3-Myc. Immunoprecipitation of EGFP-HAS3 from the total cell lysate of MDCK-EGFP-HAS3 cells (Fig. 1A) , followed by mass spectrometric analysis of the proteins brought down with the EGFP antibody, revealed several components associated with endosomal traffic, as listed in Table 2 . We focused on Rab10, one of the significant hits, because it has been shown to be important for the traffic from trans-Golgi to the plasma membrane. Western blotting of subcellular fractions indicated the presence of EGFP-HAS3 in the endoplasmic reticulum (ER; indicated by calnexin), plasma membrane (pan-cadherin positivity), and Golgi complex (identified by Golgin 97), as expected, and also in endosomal vesicles (identified by Rab5 and Rab7 positivity) (Fig. 1B) . We then cotransfected EGFP-Rab10 and HAS3-Myc in MCF7 cells and immunoprecipitated HAS3-Myc from different subcellular organelle fractions. Western blot analysis of the immunoprecipitated cellular organelles showed that HAS3 co-immunoprecipitated with Rab10, mainly in the endosomes (Fig. 1C) . In contrast, two other trafficking-related proteins, Rab7 and Rab5, were not co-immunoprecipitated with HAS3 (Fig. 1, C and D) . This suggests that HAS3 was specifically associated with those endosomal vesicles that contain Rab10.
Colocalization analysis was used to gain more support for the presence of HAS3 and Rab10 in the same transport vesicles. Two different tags for HAS3 (i.e. mRFP and 6Myc) were used in these experiments to rule out tag-dependent, possibly nonspecific interactions with EGFP-Rab10. HAS3 indeed colocalized in cytoplasmic vesicles with EGFP-Rab10 ( Fig. 2A) . Mock transfection (EGFP vector), used as a negative control, did not show colocalization. Colocalization analysis using Pearson's correlation coefficient showed that both mRFP-HAS3 and 6Myc-HAS3 strongly colocalized with Rab10 (Rr ϭ 0.53 and 0.47, respectively) when compared with EGFP mock transfection (Rr ϭ 0.13 and 0.08, respectively) (Fig. 2B) .
We then studied the proximity of HAS3 and Rab10 in the endosomes using FRET (Förster resonance energy transfer) analysis. We studied the FRET efficiency between EGFP-Rab10 and mCherry positioned in the N or C terminus of HAS3, cotransfected in MCF7 cells. The minor FRET efficiencies MARCH 21, 2014 • VOLUME 289 • NUMBER 12
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between EGFP-Rab10 and N-and C-terminally mCherrytagged HAS3, 3.6 Ϯ 0.6% (n ϭ 8) and 3.1 Ϯ 0.6% (n ϭ 13), respectively, suggest that HAS3 and Rab10 were not within a 10-nm distance of each other. We thus conclude that although HAS3 resides in Rab10-positive vesicles, there is probably no direct interaction between the two proteins.
Silencing of Rab10 by siRNA-Having confirmed the presence of HAS3 in the Rab10-positive vesicles, it was essential to study its functional significance in HAS3 traffic. To be used as a standard model for this study, we have made MCF7 cells with stable, inducible expression of EGFP-HAS3, called MCF7-EGFP-HAS3 cells (Fig. 3A) . The doxycycline-treated cells showed HAS3-dependent, microvillus-like plasma membrane protrusions coated with HA ( Fig. 4E) and also a dose-dependent increase of HA secretion in the medium (Fig. 3B) . We utilized siRNA against Rab10 to silence its expression. The Rab10 mRNA levels were reduced to 30 Ϯ 5% of control (mean Ϯ S.E.) in 48 h, whereas the mRNA level of Rab35, another factor involved in endosomal traffic, was not affected (94 Ϯ 5% of control), suggesting specificity of the siRNA. Because we could not find a good working antibody for Rab10, transfection of EGFP-Rab10 was utilized to test the silencing in protein level. By measuring the GFP fluorescence/mg of total protein, we found that the expression of EGFP-Rab10 following Rab10-siRNA treatment was reduced to 29 Ϯ 18% of nontreated cells as compared with 99 Ϯ 7% following control siRNA. A similar result was observed in Western blot analysis (Fig. 3C) . In contrast, no alteration was found in Rab7 (Fig. 3C) . Therefore, the siRNA-mediated knockdown of Rab10 was effective and specific enough to study its impact on HAS3 traffic.
Silencing of Rab10 did not change the general pattern of GFP-HAS3 distribution in MCF7 cells (Fig. 4E) . Changes in the general morphology of ER were not observed either, using the distribution of calnexin as a marker.
Rab10 Expression Influences HA Secretion into Growth Medium and HAS3-induced HA Surface Coat Formation-Be-
cause HA is synthesized only when HAS3 is located in the plasma membrane, an increase or decrease in the amount of HA secreted into growth medium is a good indicator for the change in HAS3 traffic. Rab10 silencing with siRNA induced a 2-fold increase of HA, compared with the control siRNA group (Fig. 4A) . The opposite effect was obtained by overexpression of EGFP-Rab10, which caused a significant decline in HA secretion (Fig. 4B) . Rab10 silencing significantly increased HA synthesis also by endogenous HAS in cells without HAS3 transfection (Fig. 4C) . These results indicated that the association between Rab10 and HAS3 has functional consequences (i.e. Rab10 suppresses HA secretion).
During HA synthesis, the growing polysaccharide chain is bound to HAS3, creating the plasma membrane protrusions typical for this HAS (6) and building a HA coat on the cell surface (8) . Because HA secretion was increased with silencing of Rab10, and HA is attached to HAS3 during its synthesis, we anticipated that there is also a significant change in the size of pericellular HA coat in MCF7-EGFP-HAS3 cells. As expected, Rab10 silencing significantly increased the size of the pericellular HA coat compared with the control and control siRNA groups. Quantitative analysis with a total of 1500 -2000 cells/ FIGURE 4. HA secretion and surface coat formation is influenced by Rab10. A, control and Rab10 siRNA-treated MCF7-EGFP-HAS3 cells were induced with 0.25 g/ml doxycycline for 24 h for EGFP-HAS3 expression, and the media were assayed for HA synthesis. Rab10 silencing significantly increased HA synthesis. B, MCF7-EGFP-HAS3 cells were transfected with EGFP-Rab10 and EGFP only (mock), and induced with 0.25 g/ml doxycycline for 24 h, and the media were analyzed for HA. HA secretion was significantly decreased when EGFP-Rab10 was overexpressed. C, parental MCF7 cells without HAS3 overexpression were treated with Rab10 siRNA along with the control groups, and the media were collected 48 h later. Rab10 silencing increased HA secretion compared with the control groups. Data in A-C represent mean Ϯ S.E. (error bars) of 5 independent experiments. *, p Ͻ 0.05; **, p Ͻ 0.01; ns, not significant (paired t test). D, HA surface coat formation was analyzed in MCF7-EGFP-HAS3 cells with 0.5 g/ml doxycycline induction. Quantitative image analysis was done with a ϫ20 objective. A significant increase in HA surface coat was observed with Rab10 silencing, compared with the control and control siRNA groups. Data represent mean Ϯ S.E. of three independent experiments from Ͼ1500 cells/group in 15 random fields. *, p Ͻ 0.05; **, p Ͻ 0.01; ns, not significant (one-way ANOVA, Tukey's test). E, representative images taken with a ϫ40 objective show the increased HA coat by Rab10 silencing. Nuclei (blue) were stained with DRAQ5. Scale bar, 20 m.
group, taken with a ϫ20 objective, showed that Rab10 silencing induced a 1.75-fold increase in HA coat size compared with the control siRNA group (Fig. 4D) . Representative images, taken with a higher magnification, also confirmed the fact that Rab10 silencing increased the size of HA coat when compared with the control siRNA-treated cells (Fig. 4E) . This, along with the HA assay in medium confirms that Rab10 silencing influences HAS3-dependent HA synthesis.
Silencing of Rab10 Increases HAS3 Residence in Plasma Membrane-Because Rab10 silencing increased HA synthesis, a direct analysis of plasma membrane residence of HAS3 was done in MCF7 cells. Following Rab10 silencing, we transiently co-transfected EGFP-HAS3 and a plasma membrane marker, Rpre-mRFP, which is a K-Ras-derived polypeptide sequence targeted to the inner leaflet of the plasma membrane (17) . Using the Rpre-mRFP-positive region as a reference, the plasma membrane signal of EGFP-HAS3 was measured. The integrated intensities were measured from ROIs drawn around the plasma membrane (Fig. 5A) , and the plasma membrane/whole cell ratio of EGFP-HAS3 fluorescence was calculated. The analysis showed that Rab10 silencing increased the plasma membrane residence of HAS3 by 1.5-fold, compared with the control and control siRNA groups (Fig. 5B) . There was no significant difference in the overall EGFP signal in the whole cells between the groups (Fig. 5C ). This observation, along with the previous results, showed that Rab10 silencing increases the plasma membrane residence of HAS3.
Retrograde Traffic of Has3 from Cell Surface Is Decreased
with Silencing of Rab10-We then analyzed the rate of retrograde traffic of HAS3 from plasma membrane to the interior of the cell. Following Rab10 silencing, we transiently transfected Dendra2-HAS3 in MCF7 cells. A ROI was drawn on the cell surface using the HA coat, stained with the fHABC as a reference. Using a photoconversion technique in which part of the green Dendra2-HAS3 was turned red, the retrograde traffic of Dendra2-HAS3 from the cell surface was estimated by time lapse imaging of the red signal. In the control and control siRNA groups, HAS3 traffic from the cell surface was so fast that a notable amount of red HAS3 was seen all around the cytoplasm already in 2 min (Fig. 6A) . In the control and control siRNA groups, the average t1 ⁄ 2 of cell surface Dendra2-HAS3 was only 5-6 min (Fig. 6B) . Rab10 silencing dramatically reduced the retrograde traffic of Dendra2-HAS3 from the cell surface, obviously with a t1 ⁄ 2 far beyond the 16-min follow-up (Fig. 6B) . Quantitative analysis of the kinetics of Dendra2-HAS3 showed that at the end of the 16-min period, Rab10 silencing increased Dendra2-HAS3 residence on the cell surface to 73% of the starting value, compared with 31 and 30% in control and control siRNA groups, respectively (Fig. 6B ). This result was in line with the observation that Rab10 silencing increases plasma membrane residence of HAS3 and suggested that Rab10 increases endocytosis of HAS3 from the plasma membrane. Table  2) , and clathrin heavy chain colocalized with EGFP-HAS3 (Rr ϭ 0.46), compared with empty EGFP vector (Rr ϭ 0.19) (Fig. 7, A  and C) . To learn more about the type of HAS3 endocytosis and thus the target of Rab10, we checked the colocalization of HAS3 with clathrin-mediated and fluid phase endocytosis markers. Transferrin and Alexa Fluor hydrazide 594 were used as markers to study clathrin-dependent and fluid phase endocytosis, respectively. MCF7 cells transiently transfected either with mRFP-HAS3 or EGFP-HAS3 were then incubated with fluorescein-labeled transferrin or Alexa Fluor hydrazide 594 and fixed. Colocalization analysis showed that HAS3 partially colocalized with transferrin (Rr ϭ 0.24) but not with Alexa Fluor hydrazide 594 (Rr ϭ 0.07) (Fig. 7, B and D) . These data suggest that HAS3 mainly follows clathrin-dependent endocytosis.
Rab10 Regulates Clathrin-dependent Endocytosis of HAS3-HAS3 co-immunoprecipitated with clathrin heavy chain (
The effect of Rab10 on the clathrin-dependent endocytosis of HAS3 was studied by measuring the colocalization of HAS3 and transferrin. Following Rab10 silencing, we transiently transfected the cells with mRFP-HAS3, incubated them with fluorescein-labeled transferrin, and fixed them. Images were taken as z-stacks with an optical section thickness of 0.39 m, spanning the whole cell. The results showed that HAS3 colocalization with transferrin was reduced in cells subjected to Rab10 silencing (Fig. 8A) , and the quantitative analysis showed that Pearson's coefficient in the Rab10 silencing group was significantly reduced (Rr ϭ 0.13), compared with control and control siRNA groups (Rr ϭ 0.24 and 0.21, respectively) (Fig. 8B) . Transferrin uptake in the cells was not affected by the siRNA treatments, as judged by the mean fluorescent intensity of transferrin (Fig. 8C) . This shows that Rab10 silencing specifically decreased endocytosis of HAS3, which also substantiates the finding that Rab10 regulates the plasma membrane residence of HAS3 by endocytosis of HAS3, involving the clathrindependent pathway.
Rab10 Regulates Early Endocytosis of HAS3-To track the endocytosis pathway of HAS3 regulated by Rab10, we analyzed the colocalization of HAS3 with an early endocytosis marker, EEA1. Following Rab10 silencing, the cells were transiently transfected with EGFP-HAS3 and stained for EEA1. The EGFP-HAS3 strongly colocalized with EEA1 in the control and control siRNA groups, whereas in Rab10 silencing, the cells showed relatively less colocalization of EGFP-HAS3 and EEA1 (Fig.  9A) . The image analysis was done in such a way that three ROIs were drawn at random sites outside of the nucleus and perinuclear Golgi region, and the average colocalization value was calculated from the ROIs. Quantitative analysis showed that Rab10 silencing indeed reduced the colocalization of EGFP-HAS3 with EEA1 to almost half (Rr ϭ 0.21) compared with control siRNA (Rr ϭ 0.37) and control (Rr ϭ 0.35) groups (Fig.  9B) . The data correlated well with the observation of reduced transferrin colocalization with HAS3 due to Rab10 silencing and further confirmed that Rab10 involvement in HAS3 trafficking takes place between plasma membrane and early endosomes.
Rab10 Silencing Decreases Cell Adhesion in an HA-dependent Manner-We then examined the consequences of Rab10 regulation of early endocytosis of HAS3 in a cell biological perspective. When making the MCF7-EGFP-HAS3 cells, we found that induction of HA synthesis by doxycycline reduced the increase of cell numbers during the following days in culture, in a dose-dependent manner (Fig. 10A) . This prompted us to evaluate whether increased HA synthesis (coat formation and secretion) due to Rab10 silencing has a similar effect on the cell numbers. For this purpose, we used MCF7-EGFP-HAS3 cells induced to synthesize EGFP-HAS3 with 0.25 mg/ml doxycycline and parental MCF7 cells without HAS3 overexpression. The results showed that Rab10 silencing decreases cell numbers both in MCF7-EGFP-HAS3 (Fig. 10B) and parental MCF7 cells (Fig. 10C) . Previous reports have shown that increased HA levels can result in reduced cell proliferation and adhesion (28) . Interestingly, both HAS3 overexpression (14) and Rab10 knockdown (29) have shown disturbed epithelial polarization in MDCK cells, suggesting a defect in cell adhesion. This intrigued us, and we analyzed cell adhesion following Rab10 silencing to see if HAS3-induced HA synthesis disturbs this process. The results showed that Rab10 silencing decreased cell adhesion to collagen I to almost half, both in MCF7-EGFP-HAS3 (Fig. 10D) and parental MCF7 cells (Fig. 10E) . We used hyaluronidase (5 transduction units/ml for 6 h) to remove the HA coat and signaling associated with it to see if the cell adhesion defect caused by Rab10 silencing is recovered. As expected, cell adhesion was partly rescued with hyaluronidase treatment in MCF7-EGFP-HAS3 cells, both in Rab10 and control siRNA FIGURE 6 . Retrograde traffic of Dendra2-HAS3 from cell surface is decreased by Rab10 silencing. A, siRNA-treated MCF7 cells were transfected with Dendra2-HAS3. The ROI was set to the cell surface using the inner edge of the HA coat, visualized by fHABC, as a marker. The selected region (white line) was photoconverted with 15% of the 405-nm laser power for 1 s. In control siRNA cells (top set of panels), the photoconverted Dendra2-HAS3 (red channel) from the cell surface was seen inside the cytoplasm already in 2-6 min, whereas the retrograde traffic of Dendra2-HAS3 (red channel) was slow following Rab10 silencing (bottom set of panels), even after 16 min. Scale bar, 20 m. B, the kinetics of the Dendra2-HAS3 photoconverted to red in the cell surface was measured for a time span of 16 min at 2-min intervals. Rab10 silencing decreased the traffic of HAS3 from the cell surface to other parts of the cell. In the Rab10 silencing group at 16 min, on the average, 73% of the photoconverted Dendra2-HAS3 was left in the cell surface, whereas only 31 and 30% of the photoconverted Dendra2-HAS3 remained there in the control and control siRNA groups, respectively. Data represent the mean Ϯ S.E. (error bars) of 3-5 independent experiments with 10 images per treatment and experiment. **, p Ͻ 0.01; ***, p Ͻ 0.001 for control versus Rab10 siRNA and control siRNA versus Rab10 siRNA, respectively (one-way ANOVA, Tukey's test). 25 g/ml doxycycline, whereas 5 transduction units/ml hyaluronidase for 6 h counteracts this by removing the HA coat, both in the cells with doxycycline-induced HA synthesis (Control siRNA) and those where HA synthesis was further enhanced by Rab10 siRNA. E, in a similar fashion, the MCF7 parental cells without enhanced HA synthesis were treated with Rab10 siRNA for 48 h and with 5 transduction units/ml of hyaluronidase for 6 h. There was a significant decrease in cell adhesion with Rab10 silencing but no effect by hyaluronidase in control or Rab10 siRNA groups. F, MCF7 parental cells were treated with exogenous, soluble HA, and cell adhesion to collagen I was analyzed as above. There was no significant decrease in adhesion, except in the cells treated with 500 g/ml HA. The data represent means Ϯ S.E. of three independent experiments in D, E, and F. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001; ns, not significant (one-way ANOVA, Tukey's test). MARCH 21, 2014 • VOLUME 289 • NUMBER 12 groups (Fig. 10D) but not in MCF7 cells (Fig. 10E) . The latter result is expected because in MCF7 cells, without HAS3 overexpression, there is negligible HA coat.
Rab10 Regulation of HAS3 Traffic and Hyaluronan Synthesis
We then studied whether the adhesion block associated with HA synthesis was due to the HA secreted in the medium or rather the HA in the cell surface coat. Parental MCF7 cells produced ϳ0.13 g/ml HA in the growth medium, which increased to ϳ6.2 g/ml in MCF7-EGFP-HAS3 cells following induction with 0.25 g/ml doxycycline. When we added purified, high molecular mass HA in the medium, concentrations up to 200 g/ml showed no effect on cell adhesion to collagen I (Fig. 10F) . With 500 g/ml, the cell suspension became visibly viscous, obviously retarding the settling of the cells. Because an ϳ80-fold higher concentration of soluble HA was required to inhibit cell adhesion, the concentrations reached in the medium by endogenous or induced HA synthesis could not explain the reduced adhesion. We thus conclude that it is the HAS3-induced HA coat and/or its associated signaling to cell surface receptors that contributed to the reduced cell adhesion and that Rab10 silencing increased this effect.
DISCUSSION
We have identified Rab10 as the first known component in the specific trafficking machinery responsible for the control of HAS3 level in plasma membrane. It acts by increasing early endocytosis of HAS3 and results in changes in cell surface HA coat and HA secretion. As a consequence, Rab10 knockdown decreases cell adhesion of MCF7-EGFP-HAS3 cells to collagen in a HA-dependent mechanism and probably also influences a number of other HA-dependent cell functions.
Rab10 and Membrane Traffic-Rab GTPases are master regulators of intracellular traffic of proteins, lipids, and sometimes the whole organelles like Golgi and mitochondria (12, 30) . Rab10 acts as a multifunctional regulator of intracellular traffic, including secretion of proteins and cargos from the trans-Golgi network and recycling endosomes to plasma membrane (12, 13, (31) (32) (33) (34) . Rab10 is also a well known regulator of exocytosis in many cell types (29, (35) (36) (37) , as when it targets TGF␣-containing exocytic vesicles to basolateral compartment in MDCK cells (38) . Rab10 is a critical regulator of basement membrane secretion to the basal surface of Drosophila egg follicle cells (39) and promote the formation of new plasma membrane, maintaining axonal development and neuronal polarization (36) . In addition, Rab10 has been shown to regulate the formation and dynamics of ER tubules (40) , an effect that was not found in these cells subjected to a ϳ70% decline in Rab10 protein and using calnexin as a marker. Rab10 is also involved in the maturation of phagosomes in macrophages, perhaps by regulating the recycling of the components required for their maturation (41) . Together with myosin-Va, Rab10 mediates the final steps in GLUT4-containing vesicle translocation to the plasma membrane (31) .
Thus, most of the studies on Rab10 have demonstrated its role in forward trafficking of cargos from Golgi to plasma membrane and in recycling from endosomal compartments to plasma membrane. Indeed, none of the studies available has suggested that Rab10 can stimulate retrograde transport. The present study shows the unexpected stimulation by Rab10 of a specific cargo (HAS3) transport away from the plasma membrane. Whether Rab10 contributes directly to the initiation of HAS3 endocytosis or mediates the retraction of HAS3 from the plasma membrane with an indirect mechanism remains to be elucidated.
Polysaccharide Synthesis in Plasma Membrane-Chitin synthase and cellulose synthase are two glycosyltransferases similar to HAS in that they synthesize polysaccharides on the cell surface. The transport of chitin synthase appears to be completely different from that of HAS, which, unlike chitin synthase, is not dependent on microtubules but is sensitive to Brefeldin A (6, 7, 42) . In Drosophila, the Rab protein Ypt32p stimulates the forward trafficking of endosomal chitin synthase Chs3p to the cell surface, resulting in enhanced chitin synthesis (43) , whereas proteins involved in retrograde transport are not known. Endosomal targeting of yeast chitin synthase 3 (Chs3p) is associated with AP-1 and AP-3 complexes (44). The intracellular traffic of plant cellulose synthase, including its internalization from plasma membrane, is dependent both on actin and microtubule cytoskeletal elements and perhaps involves clathrin-dependent endocytosis (45) . Thus, although information on the trafficking of the polysaccharide synthases active in the cell surface is still fragmentary, the other transferases in this group are probably transported by mechanisms quite different from vertebrate HAS.
HAS Trafficking as a Regulator of HA Synthesis-Numerous cytokines and growth factors like IL-1␤, TNF␣, and TGF␤ are known to regulate the mRNA levels of different HASs (2), but the possible contribution of post-translational regulation has been difficult to discern. The present data show that a change in the trafficking machinery involving Rab10 can significantly modify the synthesis and cell surface presentation of HA. This finding raises the possibility that HAS trafficking is more important in the post-translational control of HA synthesis than previously thought. It is even possible that the previously described post-translational changes of HAS, like dimerization, monoubiquitination (10) , and O-GlcNAc modification (11), influence HA synthesis through their effects on HAS trafficking. Indirect support for this idea is offered by findings indicating that virtually all Golgi glycosyltransferases form homo-and heteromers, which influences their trafficking between Golgi and ER (46) . Ubiquitination is also associated with protein transfer between certain cell compartments (47) . Furthermore, O-GlcNAcylation of HAS2 increases its stability (half-life) (11) , which is compatible with the hypothesis that the O-GlcNAc moiety acts as a signal that reduces HAS traffic to catabolic compartments. Indeed, sufficient cellular UDP-GlcNAc content is required for HASs to stay in the plasma membrane (16) . We can thus speculate that a high concentration of UDP-GlcNAc increases the O-GlcNAc level of HAS2, which serves as a signal that contributes to its presence in the plasma membrane by preventing exit into catabolic pathways. Future studies must explore the possible association between the trafficking of HASs and their post-translational covalent modifications.
Half-life of HAS3 in Plasma Membrane-The short (ϳ5-6-min) average half-life of Dendra2-HAS3 in plasma membrane was unexpected, given the ϳ2 h required to clear keratinocyte plasma membrane from EGFP-HAS3 following introduction of Brefeldin A to block the entry of new EGFP-HAS3 from Golgi (7). Studies on HAS in fibroblasts (48) and Xenopus cells (49) also suggest that the time required to synthesize a single, fulllength (Ͼ1-MDa) HA chain takes up to ϳ3-4 h. These findings can be reconciled by assuming that the endocytosis we detect excludes those HAS3s that have started HA chain synthesis. Then, while there is a constant flux of HAS3 vesicles to the plasma membrane and an equally fast return into the cytoplasm, those HASs that have succeeded in starting HA synthesis remain in the plasma membrane. Retardation of the reverse traffic by blocking Rab10 should then increase the average dwell time of HAS3 in the plasma membrane, enhancing its chance of starting HA synthesis (Fig. 11 ). This stochastic model of initiation of HA synthesis by HAS3 also accommodates the fact that the concentration of substrates (UDP-GlcUA and UDP-GlcNAc) contributes to the abundance of HAS in the plasma membrane (16) . Moreover, if similar trafficking and chain initiation takes place with other HASs, it explains why HAS1 (the member of the HAS family with the highest K m values for the substrates) is seldom present in the plasma membrane, whereas HAS3 (with the lowest K m values) is most abundant there (16) .
Rab10-mediated Control of HA Synthesis, Cell Adhesion, and Possible Consequences in Malignant Growth-Enhanced HA synthesis driven by HAS3 causes mitotic spindle misorientation and epithelial structure disruption that may facilitate carcinogenesis (14) . HAS3 was recently found to dramatically increase shedding of extracellular microvesicles (50) that have also been associated with cancer spreading and metastasis (51) . Indeed, overexpression of HAS3 has often been reported in cancers (52) (53) (54) , and suppression of HAS3 expression leads to apoptosis and inhibition of tumor growth (55, 56) .
Interestingly, just like HAS3 overexpression (14) , Rab10 knockdown results in disturbed epithelial polarization (29) . The present data thus raise the possibility that the HA coat on the cell surface may sterically or by currently unknown signaling systems retard intercellular adhesion in the same way as it reduced binding to collagen and thus disturb the normal architecture of epithelium. Rab10 suppression of HAS3-dependent HA synthesis may represent an important checkpoint for malignant growth. In the future, the connection of this Rab10-and HA-mediated control of cell adhesion with the development of epithelial-to-mesenchymal transition, invasion, and metastasis of cancer cells will be explored.
